ABSTRACT Background: Observational studies have linked tea drinking, a major source of dietary flavonoids, with higher bone density. However, there is a paucity of prospective studies examining the association of tea drinking and flavonoid intake with fracture risk. Objective: The objective of this study was to examine the associations of black tea drinking and flavonoid intake with fracture risk in a prospective cohort of women aged .75 y. Design: A total of 1188 women were assessed for habitual dietary intake with a food-frequency and beverage questionnaire. Incidence of osteoporotic fracture requiring hospitalization was determined through the Western Australian Hospital Morbidity Data system. Multivariable adjusted Cox regression was used to examine the HRs for incident fracture. Results: Over 10 y of follow-up, osteoporotic fractures were identified in 288 (24.2%) women; 212 (17.8%) were identified as a major osteoporotic fracture, and of these, 129 (10.9%) were a hip fracture. In comparison with the lowest tea intake category (#1 cup/wk), consumption of $3 cups/d was associated with a 30% decrease in the risk of any osteoporotic fracture (HR: 0.70; 95% CI: 0.50, 0.96). Compared with women in the lowest tertile of total flavonoid intake (from tea and diet), women in the highest tertile had a lower risk of any osteoporotic fracture (HR: 0.65; 95% CI: 0.47, 0.88), major osteoporotic fracture (HR: 0.66; 95% CI: 0.45, 0.95), and hip fracture (HR: 0.58; 95% CI: 0.36, 0.95). For specific classes of flavonoids, statistically significant reductions in fracture risk were observed for higher intake of flavonols for any osteoporotic fracture and major osteoporotic fracture, as well as flavones for hip fracture (P , 0.05). Conclusion: Higher intake of black tea and particular classes of flavonoids were associated with lower risk of fracture-related hospitalizations in elderly women at high risk of fracture.
INTRODUCTION
There is increasing interest in the role of dietary factors in osteoporosis and fracture prevention. The protective effect of calcium and vitamin D on bone health has been investigated extensively (1, 2) , and there is evidence that foods rich in flavonoids,suchasfruits, vegetables, andtea,may alsobe related tobone loss and fracture outcomes (3) . Flavonoids are a large class of phytochemicals that arewidely distributed in plant foods. Tea is the mainsourceofflavonoidsinmanypopulations,includingAustralia (4) . In animal models, tea flavonoids have been found to decrease urinary excretion of calcium and phosphate, increase osteoblast activity, decrease osteoclast activity, and protect against the loss of trabecular thickness (5, 6) .
Observational studies have consistently found an association between tea intake and higher bone mineral density (BMD) at various sites, including the hip (7-10), lumbar spine (8) (9) (10) (11) (12) , and total body (10, 11) . However, there is a relative paucity of prospective cohort studies investigating the association between tea consumption and fracture outcomes (11, 13, 14) . Furthermore, although animal (5, 6) and human (15) (16) (17) studies suggest that the flavonoid content of tea may be responsible for the observed association between tea and bone health, this relation needs to be explored prospectively in a high-risk population.
The primary objective of the present study was to determine whether higher intakes of tea were associated with a reduced risk of fracture in a prospective cohort of Australian women aged .75 y. A secondary aim was to evaluate whether higher intakes of total flavonoids and flavonoid classes were associated with a reduced fracture risk.
METHODS

Study population
Subjects included in this study were originally recruited to a 5-y, double-blind, randomized controlled trial of daily calcium supplementation to prevent osteoporotic fracture, the Calcium Intake FractureOutcomeStudy,whichhasbeendescribedpreviously (18) . Briefly, women were recruited from the Western Australian general population of women aged .70 y by mail with the electoral roll, a requirement of citizenship. More than 99% of Australians of this age are registered on the roll. A recruitment letter was sent to 24,800 potentially eligible women with the electoral roll. Of the women who responded to the letter inviting participation, 4312 were contacted by telephone; 1460 were recruited for the study. Participants were similar in terms of disease burden and pharmaceutical consumption to whole populations of this age, but they were more likely to be from higher socioeconomic groups (18) . At the completion of the trial, subjects were invited to participate in 2 follow-up observational studies. The current study included participants from the Calcium Intake Fracture Outcome Age Related Extension Study who completed a food-frequency and beverage questionnaire in 2003, a total of 1188 women. Participants provided written informed consent, and ethics approval was granted by the Human Ethics Committee of the University of Western Australia.
Dietary assessment
Tea intake was assessed at baseline, year 2, and year 5 with a beverage questionnaire. The questionnaire asked, "On average (over the past 4 weeks) how many cups of tea [nonherbal] do you usually drink?" A validated food-frequency questionnaire (FFQ) from the Cancer Council of Victoria was used to assess dietary intake at baseline (19) . Participants with extremely high or low values for energy intake (,800 kcal/d or .4200 kcal/d) were excluded from the analysis, which is consistent with other studies of this cohort (20, 21) .
Flavonoid intake
Flavonoid intake was estimated from data from the FFQ and the beverage questionnaire with the USDA Flavonoid 2.1 (22), Isoflavone 2.0 (23), and Proanthocyanidin (24) databases. The method used was similar to that described by Ivey et al. (25) . Where a category included in the FFQ or beverage questionnaire represented several entries in the databases, a mean value for flavonoid content was calculated. In the case of tea, only thevalue for black tea has been used because black tea is more commonly consumed in Australia than other beverages from the Camellia sinensis plant (4). Intake of each of the 7 major flavonoid classes-flavonols, flavan-3-ols, proanthocyanidins, anthocyanins, flavanones, flavones, and isoflavones per day-was estimated by multiplying the amount of each food or beverage consumed by the total content of each flavonoid class per gram or milliliter and summing these values for each participant. Total flavonoid intake was calculated as the sum of intake of each of the major flavonoid classes (25) .
Outcome assessment
Fracture outcomes over 10 y were tracked through the Western Australian Hospital Morbidity Data system, which is part of the Western Australian Data Linkage System. Fracture hospitalizations were determined with the International Statistical Classification of Diseases and Related Health Problems, 10th Revision. Codes used for identification include S02-S92 and T02. Fractures of the face (S02.2-S02.6), fingers (S62.5-S62.7), and toes (S92.4-S92.5) and fractures caused by motor vehicle injuries were excluded. Major osteoporotic fractures included those of the hip, spine, humerus, and wrist, as defined by the WHO FRAX algorithm (26) .
Mechanistic variables
Muscle mass, BMD, heel quantitative ultrasound, and Timed Up and Go (TUAG) test were assessed at baseline, year 2, and year 5. Muscle mass and BMD at the femoral neck and total hip was assessed with an Acclaim QDR 4500A (Hologic) dual-energy X-ray absorptiometry machine. Heel quantitative ultrasound was determined with an Achilles Ultrasound machine (Lunar Corp.). Quantitative ultrasound indirectly assesses bone properties with 3 measures: speed of sound, broadband attenuation, and stiffness index (27) . The TUAG test was used to assess mobility. This test measuresthe timetakentogetupoutofachair,walk3m,turn,return to the chair, and sit back down (28) .
Covariate assessment
Baseline questionnaires were used to determine values for potential confounding variables, including age, physical activity, smoking status, and use of bisphosphonates and glucocorticoids. Physical activity level, expressed in kilojoules per day, represents the energy cost of the primary exercise activity for each participant with consideration of the type of activity, the length of time engaged in the activity, and the participant's weight (29, 30) . Total energy, protein, calcium, and alcohol intakes were estimated from the FFQ. Treatment (placebo or calcium) over the previous 5 y was included as a covariate. Prevalent fractures were determined by self-report for fractures before 1998 and through the Western Australian Hospital Morbidity Data system for fractures occurring between 1998 and 2003.
Statistical analysis
Statistical analysis was performed with SPSS version 22 (SPSS Inc.) or STATA version 13 (StataCorp LP). Differences in baseline characteristics across tea intake categories were derived from Pearson x 2 test or ANOVA. An analytic protocol was developed before the commencement of analysis. Three models of adjustment were used: unadjusted, multivariable (minimally adjusted; age, BMI, prevalent fracture, and treatment code), and fully adjusted. The fully adjusted model included age; BMI; treatment code; prescription for bisphosphonates; prescription for glucocorticoids; smoking history; physical activity; intake of protein, calcium, energy, and alcohol; prevalent fracture; and nontea flavonoid intake (for tea intake). Changes in BMD, muscle mass, and the TUAG test over 5 y according to tea intake category were assessed with mixed-effects models. Each model included fixed effects for time, tea intake category, and a time 3 tea intake category interaction term. Because tea intake had 3 categories, this created 2 separate independent time 3 tea intake interaction terms in the model. Subject identification was included as a random intercept. Whether tea intake influenced these measures across time (baseline, 2 y, and 5 y) was assessed with a combined Wald test of the 2 time 3 tea intake category interactions within each model. Cox proportional hazards models were used for fracture outcomes. We tested for evidence of linear trend for tea and flavonoid intakes as continuous variables by using the median value for each category in separate Cox proportional hazards models. For the primary analysis, we treated deaths as censored. This cause-specific approach means that the HRs can be interpreted as the risk of fracture for any time during follow-up assuming that a woman stays alive for that long. That is, it is assumed that survival was complete for all women over the 10-y follow-up period and they all therefore remained at risk of fracture. We chose this model because we have previously shown in this cohort that tea drinking and flavonoids are associated with reduced mortality (25, 31) . Cox proportional hazards assumptions were tested with the Schoenfeld residuals. No violations of the Cox proportional hazards assumptions were detected by using the global test. Analysis for flavonoids was conducted with the same methods. Statistical significance was set at P , 0.05 for all tests.
RESULTS
Baseline characteristics and change in tea intake over time
Participants were classified into low (#1 cup/wk; 17%), moderate (.1 cup/wk to ,3 cups/d; 30%), and high ($3 cups/d; 53%) tea intake categories. Characteristics of the participants at baseline according to tea intake category are shown in Table 1 . The mean 6 SD age of participants at baseline was 80.1 6 2.6 y. Significant differences were observed across tea intake categories for total energy, protein, calcium, total flavonoid, flavonol, flavan-3-ol, proanthocyanidin, and isoflavone intake. Tea accounted for 75.3% of the total flavonoid, 69.6% of flavonol, 97.9% of flavan-3-ol, and 13.7% of proanthocyanidin intakes. Tea did not contribute to anthocynanin, flavanone, flavone, or isoflavone intakes.
A beverage questionnaire was completed by 1188 subjects at baseline, 996 subjects in 2005, and 824 subjects in 2008. Movement betweenteaintakecategoriesoverthe5yoffollow-upwasdetermined. A total of 19 (1.9%) participants moved from the highest to lowest or lowestto highesttea intakecategories from baselineto 2005;similarly, 19 (2.3%) participants moved from the highest to lowest or lowest to highest tea intake categories from baseline to 2008.
Tea drinking and hospitalization for fracture
In the 10-y follow-up period, 288 (24.2%) women sustained an osteoporotic fracture, 212 (17.8%) women sustained a major osteoporotic fracture, and 129 (10.9%) women sustained a hip fracture. To investigate the incremental benefits of tea drinking, we categorized thewomen by whole cups of tea intake per day. For each 1-cup/d increase in tea intake, there was a 9% decrease in the risk of any osteoporotic fracture in unadjusted models (HR: 0.91; 95% CI: 0.85, 0.99; P = 0.03) and fully adjusted models (HR: 0.90; 95% CI: 0.83, 0.98; P = 0.01). There was no significant association between whole cups of tea intake per day with hip fracture or major osteoporotic fracture (P . 0.05). Compared with the lowest tea intake category (#1 cup/wk), consumption of $3 cups/d was associated with a decreased risk of any osteoporotic fracture ( Table 2 ). The fully adjusted cumulative event rate for fracture according to tea intake category is presented in Figure 1 . The relation was attenuated after further adjustment for BMD (data not shown). Total flavonoid intake and hospitalization for fracture
The multivariable-adjusted HRs for fracture risk per SD increase in total flavonoid intake (669 mg/d) were significant for all osteoporotic fractures, major osteoporotic fractures, and hip fractures (Supplemental Table 1 ). Compared with women in the lowest tertile of flavonoid intake, women in the highest tertile had a lower risk of osteoporotic fracture, major osteoporotic fracture, and hip fracture ( Table 3) . The fully adjusted cumulative event rate for fracture according to tertile of total flavonoid intake is presented in Figure 2 . The relation remained significant after further adjustment for BMD for all osteoporotic fractures but not hip and major osteoporotic fractures (data not shown).
Classes of flavonoids and hospitalization for fracture
The multivariable-adjusted HRs for fracture risk for each SD increaseinintakeofeachflavonoidclassareshowninSupplemental Table 1 . Significant associations were observed for intakes of flavonols, flavan-3-ols, and flavones, but intakes of proanthocyanidins, anthocyanins, flavanones, and isoflavones were not associated with fracture risk. The multivariable-adjusted HRs for fracture risk across tertiles of flavonol, flavan-3-ol, and flavone intake are shown in Table 4 . Significant associations with fracture risk were observed for intake of flavonols with any osteoporotic fracture and major osteoporotic fracture, as well as flavones with hip fracture.
Changes in BMD, TUAG, and muscle mass over time
Tea intake was not associated with changes in total hip BMD, broadband attenuation, speed of sound, stiffness index, time in the TUAG test, or muscle mass in the first 5 y offollow-up (P . 0.05). In addition, no relation was found between intake of total flavonoids and changes in the assessed bone and mobility outcomes (P . 0.05; data not shown).
DISCUSSION
In this prospective cohort of elderly Australian women, we found that daily consumption of $3 cups of tea was associated with a lower risk of osteoporotic fracture hospitalizations. In addition, women with the highest flavonoid intake had the lowest risk of all osteoporotic fractures, major osteoporotic fractures, and hip fractures independent of traditional risk factors. Of the 7 major classes of flavonoids, flavan-3-ols, flavonols, and flavones were associated with reduced fracture risk in this population.
Few prospective cohort studies have examined the relation between tea intake and fracture outcomes in women. In 31,527 Swedish women aged 40-76 y, no significant association was found between tea consumption and osteoporotic fracture risk over 10.3 y of follow-up (14) . Tea intake was also unrelated to fracture outcomes in 34,703 women from the United States aged 55-69 y followed for 6.5 y (13). Conversely, daily intake of 2-3 cups of tea was associated with an increased risk of fractures other than those at the hip, forearm, and wrist (RR: 1.10; 95% CI: 1.01, 1.20) in 91,465 US women aged 50-79 y followed for 4.1 y (11). Possible reasons for the inconsistent findings are that the women in our study were older, with a mean age of 80.1 y at baseline, and therefore at higher risk of osteoporotic fracture. Usual tea intake was also high in our group of older women: more than half the women consumed $3 cups/d. Also, we used verified hospital records independent of patient self-report to assess fracture outcomes, which does not rely on the memory of participants and is able to capture fracture outcomes in those who are lost to follow-up. Two meta-analyses, including primarily case-control studies, have examined the relation between tea intake and fracture risk. In Sheng et al. (32) , a lower risk of hip fractures was found in individuals consuming 1-4 cups/d, compared with those who did not drink tea. A reduced hip fracture risk was also seen when comparing the highest with the lowest categories of tea intake for people aged .70 y. Conversely, Chen et al. (33) did not find an association between tea intake and fracture incidence. The different results from these 2 meta-analyses may be explained by the emphasis on hip fracture compared with all fractures, the different studies included, and the lack of subgroup analysis by age of study participants in Chen et al. (33) .
A number of cross-sectional studies have examined the association between tea intake and BMD. These studies were conducted in a variety of countries with differing tea intake patterns, including the United States (11, 34) , Canada (9), Australia (7), the United Kingdom (8), Japan (12), Taiwan (10), and Iran (35) . Tea consumption was positively associated with BMD at various sites in most of these studies (7) (8) (9) (10) (11) . In particular, an association between tea drinking and higher BMD at the total hip and trochanter has been found in this cohort (7) . Although BMD is related to osteoporotic fracture risk, many fragility fractures involve a BMD that is not in the osteoporotic range (36) . The results of our study support the concept that the positive association found between tea intake and BMD may extend to a protective relation of tea on fracture risk.
Studies using animal models have observed beneficial effects of tea flavonoids on bone health biomarkers (5, 6) . However, the relation between flavonoids and bone health is relatively FIGURE 1 Fully adjusted cumulative event rate for all osteoporotic fractures (n = 288) (A), major osteoporotic fractures (n = 212) (B), and hip fractures (n = 129) (C) by tea intake category by using Cox regression analysis. The black dotted line represents low tea intake (#1 cup/wk), the gray solid line represents moderate tea intake (.1 cup/wk to ,3 cups/d), and the black solid line represents high tea intake ($3 cups/d). The fully adjusted model included age; BMI; treatment code; prescription for bisphosphonates; prescription for glucocorticoids; smoking history; physical activity; intakes of protein, calcium, energy, and alcohol; prevalent fracture; and nontea flavonoid intake. HRs (95% CIs) for fracture by tea intake were analyzed by using Cox proportional hazards models. The test for trend was conducted by using the median value for the tertile. The multivariable-adjusted model included age, BMI, treatment code, and prevalent fracture. 4 The fully adjusted model included age; BMI; treatment code; prevalent fracture; bisphosphonate use at baseline; glucocorticoid use at baseline; smoking; physical activity; protein, calcium, energy, and alcohol intakes; and nontea flavonoid intake. understudied in humans. The current study found that flavonoid intake was associated with a reduced risk of hip, major, and all osteoporoticfracturesinelderlywomen. Themajorflavonoids foundin tea, flavan-3-ols, and flavonols were also associated with a reduced fracture risk, providing evidence for the role of tea flavonoids in promoting bone health. Most of the flavan-3-oland flavonol intake in this cohort was provided by tea, but a substantial proportion of the flavonol intake also came from other dietary sources, including fruits and vegetables. Furthermore, flavones, which are not present in tea, werealsoassociatedwitha reducedriskofhipfracture. Thissuggests thatotherdietarysourcesofflavonoidsmayalsocontributetofracture risk. This may help to explain why total flavonoid intake appeared to be more strongly related to fracture risk than tea-the main dietary source of flavonoids.
A cross-sectional study of 3160 women from the United Kingdom aged 18-79 y found a positive association between total flavonoid, anthocyanin, flavonol, flavone, and flavanone intake and BMD when comparing the highest with the lowest categories of intake (15) . Little correlation was observed between BMD and flavonoid intake in 5119 Scottish women aged 45-54 y (16) . In 3317 Chinese men and women with a mean age of 60 y, intake of total flavonoids, flavan-3-ols, flavonols, flavones, and proanthocyanidins was associated with BMD in women but not in men (17) . Although previous studies have suggested that flavonoid consumption may be associated with BMD in women, the present study is the first to show a relation between flavonoid intake and fracture risk.
To understand potential mechanisms involved, we explored the relation of tea and flavonoid intake with changes in markers of bone structure and mobility. Adjustment for BMD attenuated but did not fully account for observed associations of tea and flavonoids with fracture. We found no evidence that changes in BMD or other bone and mobility outcomes over 5 y differed significantly according to teaorflavonoidintake.However,theshortfollow-uptimeof5ymay not have been long enough. Although there is evidence from previous studies and the present study that BMD may partially mediate 
Fully adjusted cumulative event rate for all osteoporotic fractures (n = 288) (A), major osteoporotic fractures (n = 212) (B), and hip fractures (n = 129) (C) by total flavonoid intake by using Cox regression analysis. The black dotted line represents the lowest tertile of flavonoid intake (,864 mg/d), the gray solid line represents the middle tertile of flavonoid intake (864-1461 mg/d), and the black solid line represents the highest tertile of flavonoid intake (.1461 mg/d). The fully adjusted model included age; BMI; treatment code; prescription for bisphosphonates; prescription for glucocorticoids; smoking history; physical activity; intakes of protein, calcium, energy, and alcohol; and prevalent fracture.
the observed associations with fracture, the data from our study suggest that other mechanisms may also be involved. For example, tea and flavonoid intakes have been convincingly linked to vascular health (37) . Cardiovascular disease is a known risk factor for fracture (38, 39) . It is possible that beneficial effects of tea and flavonoids on vascular health may be important mediators in fracture risk.
A number of limitations of this study should be considered, including the observational nature of the study, meaning causality cannot be established, and the difficulty in accurately assessing habitual tea and dietary intake over time. This was partly controlled for through the use of a validated FFQ. Furthermore, the beverage questionnaire has been validated in this cohort against an established biomarker for tea intake (4-O-methylgallic acid) (36) . Estimation of flavonoid intake from dietary variables may also introduce error because variations in food production, storage, and preparation techniques can substantially alter the flavonoid content of food (22) . Because the primary focus of this study was to investigate the relation between tea and flavonoid intake and clinically significant fractures requiring hospitalization, we did not assess the relation with other common fractures not serious enough to lead to hospitalization. As such, the relation between tea and flavonoid intake with these fractures remains uncertain. Finally, although the women recruited to this study are likely to be representative of elderly women at high risk of fracture, the findings may not apply to younger women (11, 13, 14) or to men.
There are a number of strengths of this study. The participants were all aged .75 y at baseline and are a relatively understudied age group at high risk of fracture. This study also had a long-term follow-up, which increased the power of the study to detect differences in fracture risk between different groups. In addition, fractures were ascertained through hospital records independent of self-report. Finally, tea consumption and total flavonoid intake were relatively consistent in this cohort over time, which suggests that the observed associations are a true representation of the relation between long-term habitual tea intake and fracture outcomes.
We have shown that a higher intake of black tea and flavonoids was associated with lower risk of fracture hospitalization in elderly women at high risk of fracture. Our results support the hypothesis that tea and its flavonoids may be protective against fracture in elderly women who are at high risk of fracture. Further research in observational studies and clinical trials is needed before these results can be translated to definitive dietary recommendations for osteoporosis prevention. However, if the 30-40% reduction in fracture risk with higher intake of black tea and specific classes of flavonoids were confirmed, this knowledge would provide a major addition to the dietary prevention of fracture.
